INTRODUCTION
============

Breast cancer is by far the most frequent cancer among women with an estimated 1.38 million new cases diagnosed every year \[[@B1]\]. Radical mastectomy and chemotherapy are beneficial for most patients with localized breast cancer (approximately 85%--90%), with survival extending beyond 5 years. Unfortunately, for patients with distant metastasis, the survival rate is only approximately 10% to 18% \[[@B2]\]. Cure of late advanced stage breast cancer is relatively rare.

Vascular endothelial growth factor receptor 2 (VEGFR-2) is a cell membrane-bound tyrosine kinase receptor that was initially discovered in endothelial cells. VEGFR-2 plays a key role in the development of tumor angiogenesis \[[@B3]\]. Although VEGFR-2 was originally described as being exclusively expressed in endothelial cells, many studies have demonstrated that it is also expressed in tumor cells from patients with colon cancer \[[@B4]\], pancreatic cancer \[[@B5]\], lung cancer \[[@B6]\], cervical adenosquamous carcinoma \[[@B7]\], medullary thyroid carcinoma \[[@B8]\], glioma \[[@B9]\], oral squamous cell carcinoma \[[@B10]\], and breast cancer \[[@B11]\]. Upregulation of VEGFR-2 mRNA is detected was in the early stages of invasive primary and metastatic breast cancers. A strong correlation has been demonstrated between the expression of VEGFR-2 and the clinicopathological outcomes in breast cancer. VEGFR-2 expression has also been positively correlated with lymph node metastasis in breast cancer, with high expression of VEGFR-2 associated with significantly worse survival outcomes \[[@B12]\]. Furthermore, in breast cancer, the expression of epithelial-mesenchymal transition (EMT) markers, including Twist1 and vimentin, are higher in tumors displaying a higher expression of VEGFR-2, while E-cadherin expression is lower in the same tumors, suggesting that VEGFR-2 may serve as a potential mediator of EMT in breast cancer \[[@B13]\]. Therefore, blocking the VEGFR-2 signaling pathway is promising for breast cancer therapy.

Isomangiferin is a xanthone C-glucoside that is a component of many plants in the Cyclopia subfamily such as *Coffea arabica* and *Anemarrhenae rhizoma* \[[@B14]\]. While isomangiferin has cytotoxic activity on some cancer cells \[[@B15]\] its effect on breast cancer has not been adequately explored. Herein, we examined the potential anti-cancer activity of isomangiferin on breast tumor growth, metastasis, and angiogenesis, and the underlying mechanism(s).

METHODS
=======

Reagents and antibodies
-----------------------

Isomangiferin was purchased from Shanghai Yuan Ye Biotechnology Co., Ltd. (Shanghai, China). Its purity was verified as ≥98% by high-performance liquid chromatography. Reagents used for cell cultures such as fetal bovine serum (FBS) and trypsin, and the growth medium were all purchased from Gibco Life Technology (Carlsbad, USA). Antibodies specific for actin, VEGFR-2, phosphorylated VEGFR-2 (p-VEGFR-2), platelet endothelial cell adhesion molecule-1 (PECAM-1/CD31), protein kinase B (PKB/AKT), phosphorylated protein kinase B (p-AKT), extracellular regulated protein kinase (ERK), phosphorylated ERK (p-ERK), poly ADP-ribose polymerase (PARP), cleaved PARP, phosphorylated signal transducer and activator of transcription 3 (p-STAT3), focal adhesion kinase (FAK), Caspase 3, and β-actin were obtained from Cell Signaling Technology (Danvers, USA). The MTS cell proliferation assay kit was purchased from BD Biosciences (Franklin Lakes, USA). VEGFR-2 signaling pathway agonist vascular endothelial growth factor (VEGF) and antagonist SU5408 were purchased from Sigma-Aldrich (St. Louis, USA).

Cell culture
------------

Human breast carcinoma cell lines used for *in vitro* experiments included MDA-MB-231, T47D, MCF7, and SKBR3. The 4T1 triple-negative mouse breast cancer cell line was also used. The MCF-10A immortalized normal human mammary epithelial cell line was used as a normal control to test the cancer cell cytotoxicity of isomangiferin. All cells were purchased from the American Type Culture Collection (Manassas, USA) and cultured in high-glucose Dulbecco\'s modified Eagle\'s medium or Ham\'s F12K (Kaighn\'s) medium containing 10% FBS in an atmosphere of 5% CO~2~ at 37℃. Primary human umbilical vein endothelial cells (HUVECs; ScienCell Research Laboratories, San Diego, USA) were used as a model to mimic the process of angiogenesis. The HUVECs were cultured in Endothelial Cell Medium (Gibco Life Technology) supplemented with 5% FBS, 1% endothelial cell growth supplement, and 1% penicillin-streptomycin in an atmosphere of 5% CO~2~. The culture medium was refreshed every 2 to 3 days.

Human breast cancer xenograft mouse model
-----------------------------------------

MDA-MB-231 cells were used for the mouse breast cancer mouse xenograft model. Five-week-old male BALB/c nude mice with body weights of approximately 25 g were randomly divided into two groups. MDA-MB-231 cells were injected subcutaneously into each mouse (2×10^6^ cells per mouse). When the average volume of each tumor was approximately 100 mm^3^, mice were left untreated or treated with isomangiferin (10 mg/kg/day) each day for a month by intraperitoneal injection. During the administration of isomangiferin, the tumor growth of MDA-MB-231 xenografts was monitored every 6 days. Thirty days later, all mice were sacrificed and dissected. The solid subcutaneous tumors were recovered for photographic imaging and weighing.

Histology and immunohistochemistry
----------------------------------

The dissected tumors were also used for histology and immunohistochemistry analyses. Tumor tissue was fixed with 10% formaldehyde for 24 hours followed by conventional dehydration. Paraffin-embedded tumors were carefully sectioned to a thickness of 4 µm and then stained with antibody to p-VEGFR-2 and CD31. The stained cells were analyzed by Image-Pro Plus software (Media Cybernetics Inc., Rockville, USA).

MTS assay
---------

Cells (5,000/well) were seeded in 96-well plates for 48 hours as previously described \[[@B16][@B17][@B18]\] and treated with 1 µM of isomangiferin. Cell viability was assessed using an MTS assay kit (Promega, Madison, USA) as detailed by the manufacturer. The absorbance value of the live cells in the wells of the 96-well plates was measured at 515 nm using a microplate reader (Thermo Fisher Scientific, Waltham, USA). For the SU5408 treatment, MDA-MB-231 cells were first incubated with 100 nM SU5408 and then treated with the indicated concentrations of isomangiferin.

*In vitro* migration and invasion assay
---------------------------------------

To determine the inhibitory effect of isomangiferin on MDA-MB-231 cell migration, the Boyden chamber assay was performed. MDA-MB-231 cells (4×10^4^/well) were starved prior to the experiment in 100 µL of medium deprived of FBS. Isomangiferin was added to the upper chambers (8 µm; BD Biosciences) at different concentrations along with 50 ng/mL VEGF. The bottom wells were filled with 600 µL medium containing 0.5% FBS. After cells were treated for 4 to 6 hours to allow for migration of cells from the upper to the lower chamber. The cells were fixed with 4% paraformaldehyde for more than 30 minutes. Non-migrating cells that remained in the upper chamber were gently removed using a cotton swab and the cells that had migrated to the bottom chamber were stained with 1% crystal violet. The protocol for the cell invasion assay was almost the same as for the migration assay, except that the membrane of the upper chamber was pretreated with 0.1% gelatin. Images were photographed using an inverted microscope (Olympus Life Science, Tokyo, Japan). The cells that had migrated to the bottom chamber were enumerated in five randomly selected fields.

Rat aortic ring assay
---------------------

Dissected rat thoracic aortas were cut into rings with a diameter of 1--1.5 mm and randomly seeded in Matrigel-coated wells. Thin rings were covered with another 100 µL of Matrigel and allowed to solidify for 30 minutes, then fresh medium without serum was added. Twenty-four hours later, the medium was replaced with fresh medium containing 2.5% FBS without isomangiferin or with different concentrations of isomangiferin. The medium was refreshed every other day. After 5 days, microvessel sprouts were photographed using an inverted microscope (Olympus Life Science).

*In vitro* tube formation assay
-------------------------------

Fifty microliters of Matrigel (BD Biosciences) per well was added to the wells of pre-cooled 96-well plates and polymerized at 37℃ for 30 minutes. HUVECs (6.5×10^3^/well) were seeded into the Matrigel-coated plates and treated with various concentrations of isomangiferin containing 50 ng/mL VEGF after being starved for 6 hours. Culture medium without VEGF was used as the negative control. After 10 hours, tubulogenesis was recorded by photography and the tubular structures were counted manually.

Apoptosis assay
---------------

The Apoptosis Detection Kit (BD Biosciences) was used to test the induction of apoptosis in breast cancer cells by isomangiferin. After treatment with isomangiferin for 36 hours, MDA-MB-231 cells were collected, washed, and stained with annexin V-fluorescein isothiocyanate and propidium iodide and were analyzed by flow cytometry using a FACSCalibur apparatus (BD Biosciences) as detailed elsewhere \[[@B19]\].

Adhesion assay
--------------

The wells of 24-well plates were pre-coated with 0.04 µg/µL Matrigel mixed with FBS-free medium overnight. MDA-MB-231 cells (approximately 10^6^) added to each well and allowed to reach 90% confluence. Prior to use, the cells were washed with medium to remove serum. For the isomangiferin adhesion inhibition assay, the MDA-MB-231 cells were incubated with the indicated concentrations of isomangiferin for 1 hour. Following incubation, the cells adhered to the Matrigel coating in the wells. Nonadhering cells were removed by washing three times with phosphate buffered saline. After fixation with 4% paraformaldehyde and staining with 1% crystal violet, the number of adhering cells was quantified using the aforementioned inverted microscope.

Vascular endothelial growth factor receptor 2 kinase Assay
----------------------------------------------------------

VEGFR-2 kinase activity (CST HTScan®, Cat No. \#7788) was performed using a VEGFR-2 kinase assay kit purchased from Cell Signaling Technology. Briefly, the kinase activity was measured in a radiometric assay using the following reaction ingredients: 4 mM 3-(N-morpholino) propanesulfonic acid (pH 7.2), 2.5 mM β-glycerophosphate, 1 mM ethylene glycol-bis-(2-aminoethyl ether)-N,N′-tetraacetic acid, 0.4 mM ethylenediamine tetraacetic acid (EDTA), 4 mM magnesium chloride hexahydrate, 0.05 mM dithiothreitol, and 50 µM adenosine triphosphate. The substrates were recombinant human myelin basic protein (200 ng/µL) and variable amounts of recombinant human VEGFR-2. SU5408 and VEGFR-2 kinase inhibitor I were employed as positive controls.

Western blot analysis
---------------------

MDA-MB-231 cells and HUVECs were pre-treated in the absence or presence of various concentrations of isomangiferin for 1 to 2 hours. The cells were then stimulated with VEGF (100 ng/mL) for 5 to 20 minutes. Total protein was extracted using RIPA lysis buffer (50 mM Tris--HCl, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 1% sodium deoxycholic acid, 0.1% sodium dodecyl sulfate (SDS), 2 mM phenylmethylsulfonyl fluoride, 30 mM Na~2~HPO~4~, 50 mM NaF, and 1 mM Na~3~VO~4~ for 30 minutes on ice as detailed elsewhere \[[@B20][@B21]\]. An equal quantity of protein from each sample was subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis and the resolved proteins were, transferred to nitrocellulose filter membranes. Blots were incubated with specific antibodies following blockage for 1 hour at room temperature with 5% FBS. Finally, blots were examined by LI-COR Infrared Imaged Odyssey (Gene Company Ltd., Hong Kong, China).

Statistical analyses
--------------------

All the statistical results were analyzed using the Student t-test, except for the statistical analysis of tumor weight, which was conducted using two-way ANOVA performed with GraphPad Prism 5 (GraphPad Software Inc., La Jolla, USA) to compare group means. Each experiment was performed independently in triplicate. A value of *p*\<0.05 represented statistical significance.

RESULTS
=======

Isomangiferin inhibits breast cancer growth and blocks the VEGFR-2 pathway in the xenograft model
-------------------------------------------------------------------------------------------------

The MDA-MB-231 xenograft breast tumor model was used to investigate the effect of isomangiferin on tumor growth or angiogenesis *in vivo*. Tumor volume was recorded during the treatment process. As shown in [Figure 1A and 1B](#F1){ref-type="fig"}, compared with that of controls, growth of xenografts in the isomangiferin-treated group was slower. Statistical analysis revealed a significant difference between the control group and the isomangiferin-treated group (*p*\<0.01) ([Figure 1C](#F1){ref-type="fig"}), indicating that isomangiferin treatment could suppress breast tumor growth *in vivo*. Notably, the tumors in the control group had tiny blood vessels compared to the tumor blood vessels in the isomangiferin-treated group (dark red tumors in upper panel of [Figure 1A](#F1){ref-type="fig"} vs. pale-appearing tumors in the bottom panel of [Figure 1A](#F1){ref-type="fig"}). We anticipated that isomangiferin might inhibit tumor angiogenesis, which could markedly affect tumor growth. A VEGFR-2 antibody was used to stain solid tumor sections to examine tumor angiogenesis. As shown by the immunohistochemistry result in [Figure 1D](#F1){ref-type="fig"}, the intensity of p-VEGFR-2 staining in the isomangiferin-treated group was markedly lower than that in the control group. The expression of CD31, a surface marker of neovascular endothelial cells, was accordingly reduced after isomangiferin administration. These results suggested that isomangiferin can partially inhibit tumor growth because of its inhibition of tumor angiogenesis.

Isomangiferin decreases the viability of breast cancer cells
------------------------------------------------------------

We first tested the effect of 1 µM isomangiferin on breast cancer cells (MDA-MB-231, T47D, MCF7, SKBR3, 4T1) and human normal mammary epithelial cells (MCF-10A) using the MTS viability assay. As shown in [Figure 2A](#F2){ref-type="fig"}, treating breast cancer cells with isomangiferin distinctly suppressed the cell viability compared to the MCF-10A control cells. The halfmaximal inhibitory concentration (IC~50~) of isomangiferin for the breast carcinoma cells was approximately 1 µM, while the IC~50~ for the MCF-10A cells exceeded 100 µM (data not shown), indicating that isomangiferin was more toxic to cancer cells than to normal cells. These findings indicate the selective effect of isomangiferin on breast cancer cells.

Isomangiferin inhibits migration and invasion of MDA-MB-231 cells
-----------------------------------------------------------------

In breast cancer, metastasis-related recurrence is still common and is responsible for the cancer-associated mortality. To determine the effect of isomangiferin on breast cancer metastasis, we performed cell migration and invasion assays using MDA-MB-231 cells. These cells feature a highly malignant mobility. The results of the migration assay ([Figure 2B](#F2){ref-type="fig"}) and invasion assay ([Figure 2C](#F2){ref-type="fig"}) showed that as the dose of isomangiferin increased, the number of migrating and invading cells dramatically decreased. The collective results indicated that isomangiferin can inhibit the migration and invasive behaviors of MDA-MB-231 cells.

Isomangiferin inhibits microvessel sprouting and vascular tubulogenesis of endothelial cells
--------------------------------------------------------------------------------------------

The rat aortic ring assay is a classical assay to study all steps in angiogenesis such as endothelial cell activation, pericyte acquisition, migration, and remodeling. Presently, the aortic ring assay was performed to investigate the anti-angiogenic effect of isomangiferin. As shown in [Figure 3A](#F3){ref-type="fig"}, in the control group, a large number of microvessels sprouted from aortic rings on day 5 following the embedding of the rings in Matrigel. In contrast, isomangiferin significantly reduced microvessel sprouting, with microvessel formation almost completely blocked by 1 µM isomangiferin ([Figure 3B](#F3){ref-type="fig"}). Endothelial cells spontaneously formed three-dimensional capillaries exposed to the Matrigel; this characteristic could be applied to mimic human angiogenesis. Using the three-dimensional vascular tube formation assay, we examined the effect of isomangiferin on tube-like structure formation of endothelial cells. HUVECs treated with different concentrations of isomangiferin were added to the surface of Matrigel. Vascular tubulogenesis was completely inhibited by isomangiferin at a concentration of 3 µM ([Figure 3C and 3D](#F3){ref-type="fig"}). Taken together, these data suggest that isomangiferin suppresses the angiogenesis process of endothelial cells.

Isomangiferin induces breast cancer cell apoptosis and impairs cell adhesion
----------------------------------------------------------------------------

Flow cytometry analysis was performed on MDA-MB-231 cells to investigate whether isomangiferin could induce cell apoptosis. As shown in [Figure 3E](#F3){ref-type="fig"}, isomangiferin treatment led to the induction of apoptosis in MDA-MB-231 cells in a dose-dependent manner. Notably, as the isomangiferin concentration increased from 0 to 5 µM, the percentage of apoptotic cells increased from 7.15% to 13.06%. We carried out an adhesion assay to examine the effect of isomangiferin on breast cancer cells. The result in [Figure 3F](#F3){ref-type="fig"} reveals that isomangiferin impaired the attachment of live cancer cells to Matrigel, which imitated the progress of cancer cell adherence and penetration of the extracellular basement membrane of the tumor microenvironment. Taken together, the data demonstrate that isomangiferin has an inhibitory effect on the growth and adhesion of breast cancer cells.

Isomangiferin triggers caspase-dependent apoptotic pathway and inhibits VEGFR-2-mediated signaling pathway
----------------------------------------------------------------------------------------------------------

The VEGFR-2 kinase assay was performed to investigate whether isomangiferin is a potential VEGFR-2 inhibitor for breast cancer therapy. SU5408, the classical cell-permeable inhibitor of VEGFR-2 kinase, had an IC~50~ of 72.42 nM, which was consistent with previous reports \[[@B22]\]. Isomangiferin also inhibited VEGFR-2 kinase activity with an IC~50~ of 820.67 nM ([Supplementary Table 1](#S1){ref-type="supplementary-material"}, available online). Western blot examination revealed that isomangiferin treatment led to the activation of cleaved PARP and reduction of caspase 3 in MDA-MB-231 cells ([Figure 4A](#F4){ref-type="fig"}). To further confirm that the isomangiferin-mediated suppression of breast cancer cells depended on VEGFR-2 signaling, cells were untreated or pretreated with 100 nM SU5408 prior to treatment with different concentrations of isomangiferin. As shown in [Figure 4B](#F4){ref-type="fig"}, isomangiferin inhibited the proliferation of MDA-MB-231 cells in a dose-dependent manner (blue columns). In contrast, the proliferation of cells pretreated with SU5408 was not inhibited by isomangiferin (deep red columns). Examination of key signaling molecules involved in VEGFR-2-mediated signaling pathway upon isomangiferin treatment revealed that isomangiferin strongly blocked VEGF-induced VEGFR-2 phosphorylation at the Tyr1175 site in a concentration-dependent manner ([Figure 4C](#F4){ref-type="fig"}). Isomangiferin suppressed the expression of p-AKT, phosphorylated extracellular regulated protein kinases (p-ERK), p-STAT3, and FAK, while the total amount of AKT or extracellular regulated protein kinases (ERK) were not influenced. These proteins are downstream molecules of VEGFR-2 and play critical roles in proliferation, migration, and differentiation of endothelial cells, indicating that isomangiferin inhibits angiogenesis through a VEGFR-2-mediated pathway.

DISCUSSION
==========

The purpose of this study is to examine the therapeutic potential of VEGFR-2 for breast cancer. Our findings demonstrate that the natural molecule isomangiferin might have the potential to suppress human breast tumor growth, metastasis, and angiogenesis by targeting the VEGFR-2 signaling pathway.

Cancer cells secrete VEGF to activate the VEGFR-2 pathway, which in turn stimulates cancer-related proliferation, migration, invasion, and angiogenesis. Angiogenesis is especially important for the blood and nutrition supply when a tumor develops, so it plays an essential role in all steps of tumorigenesis including tumor growth, invasion, and metastasis. The VEGF signaling pathway is initiated when VEGF recognizes and binds to its receptor, the tyrosine kinase VEGFR. The signaling involved in angiogenesis is mainly mediated by VEGFR-2. Specifically, the activation of VEGFR-2 leads to further activation of many different intracellular signaling molecules, such as FAK, phosphoinositide 3-kinase/AKT kinase, mammalian target of rapamycin (mTOR)/ribosomal protein S6 kinase (p70S6K), protein kinase C/protein kinase D \[[@B23]\], ERK \[[@B24]\].

Since the VEGFR-2 signaling pathway is the hallmark of cancer, the United States Food and Drug Administration recently approved bevacizumab (marketed as Avastin®), a monoclonal antibody against VEGF, for the treatment of cancer. Importantly, this drug can be curative in many kinds of cancers \[[@B25]\]. Searching for safer, affordable, and efficacious small molecules with inhibitory activity against VEGFR-2 pathway is a hot area in cancer research.

Here, we demonstrate that isomangiferin inhibits the proliferation of several breast cancer cell lines *in vitro*, and the efficacy against breast cancer was demonstrated *in vivo* as well. In addition, isomangiferin concentrations as low as 1 µM were sufficient to impair the VEGF-induced angiogenic responses both *in vitro* and *in vivo*. At 3 µM, isomangiferin almost thoroughly blocked the capillary-like structure formation and microvessel sprouting process. Our results demonstrate that isomangiferin has anti-angiogenic activity that leads to the inhibition of tumor growth. We also show that isomangiferin treatment induces MDA-MB-231 cell apoptosis through a caspase-dependent pathway.

Isomangiferin inhibits breast cancer mainly by blocking the VEGFR-2-mediated angiogenesis pathway. In this study we not only verified that isomangiferin inhibited the VEGFR-2 pathway, but also proved that isomangiferin had direct impeding activity to block VEGFR-2\'s *in vitro* activity, thus might function as a tyrosine receptor kinase antagonist. Considerring VEGFR-2 is an important therapeutic target, isomangiferin may have great potential to be developed in same way like VEGFR-2 small molecular kinase inhibitors. However, there are some limitations to our study. We did not rule out other molecular mechanisms that could also contribute to isomangiferin\'s anti-cancer activity. For example, little is known about isomangiferin\'s anti-cancer activity compared to that of its analog, mangiferin. Thus, it can be inferred that isomangiferin and mangiferin might share some molecular mechanisms and pharmacological actions. For example, mangiferin can reduce the level of blood glucose and reduce cell nutrient metabolism \[[@B26]\]. We can logically speculate that isomangiferin may have some analogous function to decrease the malignancy of tumors through the downregulation of the cell glucose metabolism and nutrient intake. Furthermore, in a previous study, mangiferin caused cell cycle arrest of human promyelocytic leukemia HL60 cells by increasing the stability of the Nrf2 protein through inhibition of its ubiquitination and degradation \[[@B27]\]. Another study reported that mangiferin inhibits the invasion of LNCaP human prostate cancer cells by suppressing nuclear factor-κB and matrix metalloproteinase-9 \[[@B28]\]. Concerning isomangiferin\'s anti-cancer activity, relatively mature research experience with mangiferin provides a good example and a promising direction. In this study, isomangiferin inhibited tumor angiogenesis by blocking the kinase activity of VEGFR-2 as well as its downstream signals including p-AKT, p-ERK, and FAK. Interestingly, inhibiting tumor angiogenesis has also been revealed before in the potential role of mangiferin in cancer treatment \[[@B29]\]. Our results increase the awareness of isomangiferin\'s pharmacological mechanisms and reveal an innovative mechanism of isomangiferin\'s anti-cancer property.

In conclusion, the natural small molecule isomangiferin has the potential to inhibit breast tumor growth, metastasis, and angiogenesis, and it acts by targeting the VEGFR-2 signaling pathway. Our study provides evidence that isomangiferin has potential value in breast cancer treatment.
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SUPPLEMENTARY MATERIAL
======================

###### Supplementary Table 1

*In vitro* VEGFR-2 kinase inhibition by isomangiferin

![Isomangiferin inhibits breast tumor growth and vascular endothelial growth factor receptor 2 (VEGFR-2) signaling pathway *in vivo*. Human breast cancer cells MDA-MB-231 were injected subcutanously into 5-week-old BALB/cA nude mice (2×10^6^ per mouse). When subcutanous tumors grew to about 100 mm^3^, the mice were intraperitoneally treated with or without isomangiferin (10 mg/kg/day). (A) Photos for isomangiferin treated or non-treated tumors. (B) Isomangiferin supressed MDA-MB-231 xenografts growth. Tumor volume was recorded every 6 days and the tumor growth curve was drafted through Graphpad Prism 5 software package. Values are shown as mean±standard error of the mean (SEM) of three independent experiments. (C) Isomangiferin inhibited breast tumor growth as measured by tumor weight. Values are shown as mean±SEM of three independent experiments. (D) Immunohistochemical staining revealed that isomangiferin inhibited VEGFR-2 signaling pathway by blotting phosphorylated VEGFR-2 (p-VEGFR-2) and reducing CD31 expression. Tumor sections from isomangiferin-treated and isomangiferin-untreated groups were stained using p-VEGFR-2 and CD31 antibodies, and the number of positive cells was counted (IHC stain for p-VEGFR-2, CD31, ×400).\
^\*^*p*\<0.01 vs. control.](jbc-21-11-g001){#F1}

![Isomangiferin inhibits breast cancer cell proliferation, migration and invasion. (A) Isomangiferin inhibited different types of breast cancer cells proliferation. Five variable kinds of breast cancer cells and one normal breast cell MCF-10A were treated with different doses of isomangiferin for 48 hours. Data are shown as mean±standard error of the mean (SEM) from triplicate experiments. The cell viability was determined by MTS assay according to Methods. (B) Isomangiferin supressed MDA-MB-231 migration. MDA-MB-231 cells were seeded in transwell chambers and then deprived of fetal bovine serum (FBS) for 6 hours. After that, cells were treated with 10 ng/mL vascular endothelial growth factor (VEGF) and indicated concentrations of isomangiferin. The migrated cells were quantified by manual counting by using an microscope (scale bar, 10 µm). Values are shown as mean±SEM of three independent experiments. (C) Isomangiferin imparied MDA-MB-231 invasion. After MDA-MB-231 cells seeded in the upper chamber of a transwell which has been pre-coated with Matrigel, the cells were deprived of FBS and then treated with different concentrations of isomangiferin. After 8 to 10 hours, the MDA-MB-231 cells that invaded through the membrane from the upper chamber to the bottom chamber were quantified when stimulated by the bottom chamber which was added VEGF (scale bar, 20 µm). Values are shown as mean±SEM of three independent experiments.\
^\*^*p*\<0.05 vs. MCF-10A; ^†^*p*\<0.01 vs. MCF-10A; ^‡^*p*\<0.05 vs. 0 µM isomangiferin; ^§^*p*\<0.01 vs. 0 µM isomangiferin; ^∥^*p*\<0.001 vs. 0 µM isomangiferin.](jbc-21-11-g002){#F2}

![Isomangiferin inhibited the vascular endothelial growth factor (VEGF)-induced microvessel sprouting and tube formation of human umbilical vein endothelial cells (HUVECs) and induced MDA-MB-231 breast cancer cells apoptosis and adhension. (A) From Sprague-Dawley rats, the aortic segments were isolated and then were placed in growth factor-reduced Matrigel-covered wells. To stimulate angiogenesis, the vessel rings were treated with 50 ng/mL VEGF in the presence or absence of isomangiferin for 5 days. Representative photographs of endothelial cell sprouts forming branching cords from the margins of aortic rings under the treatment of 1 µM isomangiferin. (B) Sprouts were scored from 0 (least positive) to 5 (most positive) in a double-blinded manner. Values are shown as mean±standard error of the mean (SEM) of three independent experiments. (C) Isomangiferin inhibited the VEGF-induced tube formation of HUVEC tubes. HUVECs were placed in 96-well plates coated with Matrigel (6.5×10^3^ per well). After 10 hours, cells were fixed, and tubular structures were photographed (magnification, ×100). (D) The statistic results of Figure 3C. Values are shown as mean±SEM of three independent experiments. (E) After incubation with different doses of isomangiferin for 36 hours, MDA-MB-231 cells were collected and apoptosis was assessed by annexin V-fluorescein isothiocyanate and prodidium iodide (annexin V/PI) staining and flow cytometry (n=3). (F) MDA-MB-231 cells were incubated with indicated doses of isomangiferin for 1 hour. Following incubation, cells were exposed and adhered to Matrigel. After 1% crystal violet stained, the number and phenotype of adhering cells was determined by microscope (magnification, ×400).\
^\*^*p*\<0.05 vs. control; ^†^*p*\<0.01 vs. control; ^‡^*p*\<0.001 vs. control.](jbc-21-11-g003){#F3}

![Isomangiferin suppresses breast cancer through inhibiting the vascular endothelial growth factor receptor 2 (VEGFR-2) signaling pathway. (A) Isomangiferin induced cell apoptosis. Proteins from MDA-MB-231 cells treated with indicated concentrations of isomangiferin for 24 hours were submitted to Western blot for the immunoblotting of caspase-3 and cleaved poly ADP-ribose polymerase (cleaved PARP). (B) Isomangiferin\'s ihibiton on breast cancer cell proliferation was dependent on VEGFR-2 activity. 100 nM SU5408 was used or not to block VEGFR-2\'s activity and then MDA-MB-231 cells were treated with isomangiferin. The cell proliferation was assessed by MTS assay. Values are shown as mean±standard error of the mean of three independent experiments. (C) Isomangiferin suppressed the activation of VEGFR-2 in human umbilical vein endothelial cells (HUVECs). The activation of VEGFR-2 was analyzed by Western blot and probed with indicated antibodies. Western blot was conducted in the way that described in Methods and specific antibodies were used accordingly.\
PARP=poly ADP-ribose polymerase; NS=not significant; p-AKT=phosphorylated protein kinase B, p-PKB/p-AKT; AKT=protein kinase B, PKB/AKT; p-ERK=phosphorylated extracellular regulated protein kinases; ERK=extracellular regulated protein kinases; p-STAT3=phosphorylated signal transducer and activator of transcription 3; FAK=focal adhesion kinase. ^\*^*p*\<0.05 vs. control; ^†^*p*\<0.01 vs. control.](jbc-21-11-g004){#F4}
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